The adaptation of plants to particular soil types has long intrigued biologists. Gypsum soils occupy large areas in many regions of the world and host a striking biological diversity, but their vegetation has been much less studied than that developing over serpentine or saline soils. Herein, we review all aspects of plant life on gypsum ecosystems, discuss the main processes driving their structure and functioning, and highlight the main conservation threats that they face. Plant communities in gypsum habitats typically show distinctive bands at very small spatial scales, which are mainly determined by topography. Plants living on gypsum soils can be classified into three categories: (i) wide gypsophiles are specialists that can penetrate the physical soil crust during early life stages and have physiological adjustments to cope with the chemical limitations imposed by gypsum soils; (ii) narrow gypsophiles are refugee plants which successfully deal with the physical soil crust and can tolerate these chemical limitations but do not show specific adaptations for this type of soils; and (iii) gypsovags are non-specialist gypsum plants that can only thrive in gypsum soils when the physical crust is absent or reduced. Their ability to survive in gypsum soils may also be mediated by below-ground interactions with soil microorganisms. Gypsophiles and gypsovags show efficient germination at low temperatures, seed and fruit heteromorphism within and among populations, and variation in seed dormancy among plants and populations. In gypsum ecosystems, spatio-temporal changes in the composition and structure of above-ground vegetation are closely related to those of the soil seed bank. Biological soil crusts (BSCs) dominated by cyanobacteria, lichens and mosses are conspicuous in gypsum environments worldwide, and are important drivers of ecosystem processes such as carbon and nitrogen cycling, water infiltration and run-off and soil stability. These organisms are also important determinants of the structure of annual plant communities living on gypsum soils. The short-distance seed dispersal of gypsophiles is responsible for the high number of very narrow endemisms typically found in gypsum outcrops, and suggests that these species are evolutionarily old taxa due to the time they need to colonize isolated gypsum outcrops by chance. Climate change and habitat fragmentation negatively affect both plants and BSCs in gypsum habitats, and are among the major threats to these ecosystems. Gypsum habitats and specialists offer the chance to advance our knowledge on restrictive soils, and are ideal models not only to test important evolutionary questions such as tolerance to low Ca/Mg proportions in soils, but also to improve the theoretical framework of community ecology and ecosystem functioning.
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I. INTRODUCTION
The stunning effect of specific geological substrata and derived soils on plant distribution and performance has intrigued ecologists and botanists for decades (Mason, 1946; Raven, 1964; Kruckeberg & Rabinowitz, 1985; Kruckeberg, 1986 Kruckeberg, , 1991 Macnair & Gardner, 1998) . These particular soil types usually occur as island-like outcrops and support unusual floras which are very rich in endemic plants, contributing to some of the most remarkable biodiversity hotspots in terrestrial ecosystems. Gypsum soils containing large amounts of gypsum (calcium sulfate dihydrate, CaSO 4 ·2H 2 O) are widespread with over 100 million ha worldwide (Eswaran & Zi-Tong, 1991; Verheye & Boyadgiev, 1997) , and they harbour many narrow endemic and endangered species (Rzedowski, 1955) . For example, in Spain alone, 77 plant species out of approximately 4900 native vascular species (Davis et al., 1986) are exclusive to gypsum soils. Most of them are Iberian endemisms, and more than 50% are threatened or endangered at different spatial scales according to IUCN criteria (Mota, Sánchez-Gómez & Guirado, 2011) .
The ability of plants to survive on gypsum substrates has been known from as early as the 18th Century (see Cavanilles, 1795) , and plant species restricted to gypsum substrates were repeatedly considered in floras from the 19th century (see, for instance, Willkomm, 1852) . In the first half of the 20th century, vegetation scientists from Europe (Braun-Blanquet, Roussine & Nègre, 1951; RivasMartínez & Costa, 1970) and North America (Campbell & Campbell, 1938; Johnston, 1941; Waterfall, 1946) extensively studied plant communities on gypsum soils and introduced the term 'gypsophily' to describe plant specificity to this special substrate. Despite this long tradition, the ecology of gypsophilous plants has received far less attention (72 papers in the Web of Knowledge, see Fig. 1A ) than other edaphic specialists, such as those developing in serpentine (623 papers) (Whittaker, 1954; Kruckeberg, 1984; Brady, Kruckeberg & Bradshaw, 2005; Harrison et al., 2006a,b; Harrison & Rajakaruna, 2011) , halophytic (1064 papers) (Volkmar, Hu & Steppuhn, 1998; Parida & Das, 2005) and calcicolous (1820 papers) (Lee, 1999) soils. This lack of attention can also be detected in other disciplines, such as soil science (Herrero & Porta, 2000; Herrero, Artieda & Hudnall, 2009 ).
After initial efforts to review the subject (Parsons, 1976) , interest in gypsophily increased following the seminal work of Meyer (1986) . During the last 20 years, our understanding of plant adaptations to gypsum increased significantly together with our overall knowledge of the ecology of gypsum habitats. However, research efforts have been unequal worldwide. For example, although Spain accounts for only approximately 0.3% of the global extent of gypsum soils (FAO, 1990 ), more than 66% of studies (Fig. 1B ) on these systems have been carried out in Spain.
Gypsum environments pose a challenge for evolutionary biologists, since the selective forces for the evolution of their distinct flora need to be clearly identified (Powell & Turner, 1977; Meyer, 1986; Moore & Jansen, 2007; Palacio et al., 2007a) . Plant community structure on gypsum soils is typically formed by discrete plant patches on a bare ground matrix with well-developed biological soil crusts dominated by eukaryotic algae, cyanobacteria, mosses, liverworts, fungi and lichens (Escudero et al., 1999; Maestre et al., 2011) . The spatial configuration of gypsum and the island-like configuration of gypsum outcrops provides fascinating examples for studying plant speciation (Duvigneaud & Denaeyer-De Smet, 1973) and metapopulation dynamics (Rabasa, Gutiérrez & Escudero, 2009) , and for assessing the ecological and evolutionary effects of landscape fragmentation (Pueyo et al., 2008; Alados et al., 2009; Matesanz, Escudero & Valladares, 2009) . Gypsum habitats are also suitable models for testing the role of biotic interactions such as the drivers of ecosystem structure and functioning Maestre et al., 2010; Bowker, Soliveres & Maestre, 2010b; . Consequently, we believe it is time to update and review our knowledge of these important, yet overlooked, ecosystems.
We first describe the properties of gypsum soils, then summarize the putative causes of gypsophily in plants and continue by providing an overview of the different aspects of plant life on gypsum substrates. This review encompasses topics ranging from the autoecology of gypsum plants to community and ecosystem processes. We also review some representative non-vascular components of gypsum communities, such as biological soil crusts (BSCs). Special emphasis is given to the relevance of gypsum ecosystems as model systems in ecological theory. Recent advances in the evolutionary ecology and biogeography of gypsum specialists, as well as conservation issues in the light of global change, are also discussed. We conclude by suggesting some directions for future research on the biology and ecology of gypsum ecosystems.
II. GYPSUM SOILS
Gypsum is a mineral rock formed by calcium sulfate dihydrate (CaSO 4 2H 2 O) that also occurs in soils (Herrero et al., 2009) . Gypsum bedrock originated from deposits from sea or lake water evaporation, as well as in hot springs from volcanic vapours (Herrero et al., 2009) . Gypsum soils or gypsisols, which are characterized by gypsum contents over 15% and the presence of a gypsic horizon in which gypsum is accumulated (FAO, 1998; Herrero & Porta, 2000) , cover large areas of the Earth's surface. Estimates on the global distribution of these soils vary between 100 (Verheye & Boyadgiev, 1997) and 207 million ha (Eswaran & Zi-Tong, 1991) . Soils with gypsic or petrogypsic horizons are almost all confined to arid and semiarid regions (Fig. 2) and are especially important in East and Central Asia, the Mediterranean Basin, Central Africa, the border between USA and Mexico and Australia (FAO, 1998) . The close connection between the distribution of gypsum soils and arid climates is probably related to the strong evaporative capillary uplift mechanisms occurring in arid environments, which accumulate gypsum in the upper soil horizons and create the physical gypsum surface crust (Verheye & Boyadgiev, 1997; Herrero et al., 2009) . Gypsum outcrops, which are sometimes massive, have also been formed under arid palaeoclimates in more humid and colder regions (RivasMartínez & Costa, 1970) . In these cases, the prevalent flow-down movement of water in the soil profile under wet conditions prevents the formation of the gypsic and petrogypsic soil horizons characteristic of gypsum soils. Consequently, humid conditions give rise to relatively fertile soils, and their properties are controlled by the type of standing vegetation more than by soil gypsum conditions. The content of gypsum in the soil may vary, but physical surface crusts, critical for the occurrence of gypsophily, commonly have over 25% gypsum content (Verheye & Boyadgiev, 1997) . Nevertheless, there are many localities where gypsum outcrops are massive, and gypsum content in the soil may reach up to 99% (Boyadgiev & Verheye, 1996; Herrero, 2004) . The complexity of gypsum soils from geological and edaphic points of view is extremely high, as shown by their complicated taxonomy and nomenclature (Herrero & Porta, 2000; Herrero, 2004) , even at very small spatial scales (Rubio & Escudero, 2000; Delgado-Baquerizo et al., 2013a) .
Gypsum soils have a strong influence on plant development, regardless of their origin, geological age or the amount of gypsum they contain (Guerrero-Campo et al., 1999a,b; Herrero, 2004) . Indeed, even low concentrations of gypsum in soils have conspicuous effects on plants. The most striking property of gypsum is probably its relatively low solubility. This feature means that the ecological effects of gypsum soils on vegetation are closer to the effect of calcareous soils than to that of saline soils (Herrero & Porta, 2000) . This is because unlike typical saline soils, gypsum does not significantly increase osmotic potential, and like calcareous soils, its ion-specific toxicity for plants is almost null (Herrero et al., 2009) . Some authors have even suggested that gypsum can be considered antagonistic to more soluble salts, because it prevents clay dispersion (Herrero & Porta, 2000) . In this sense, gypsum is widely used as crop soil amendment on acid and poor soils (Verheye & Boyadgiev, 1997) . Nevertheless, some plant physiologists suggest that high sulfate concentrations in soil can become toxic (Ruiz et al., 2003) and interfere with nutrient uptake . Other authors have suggested that nutrient and water retention in massive gypsum soils is low due to their high infiltration rates, which could increase water deficits for plants during drought (Guerrero-Campo et al., 1999b; Herrero & Porta, 2000) . However, some authors have found greater water availability in gypsum soils than in surrounding soils in summer, which could explain the late flowering phenology of many gypsophiles (Meyer & García-Moya, 1989; Aragón, Méndez & Escudero, 2009) . It is worth noting that the most Macau & Riba, 1962) . Gypsum habitats (in black) only occur under dry to arid climatic conditions. frequent and stable chemical form of gypsum in soils is the inert dihydrate (CaSO 4 2H 2 O), which can release the first water molecule at temperatures above 40
• C and at lower temperatures in the presence of dissolved salts (Freyer & Voigt, 2003; Gil de Carrasco & Ramos, 2011) . Although this property is largely unexplored, it could also support the delayed phenology of many gypsum plants and explain both the surplus water content observed in gypsum soils during summer drought (Escudero et al., 1999) and the relatively high water content of these soils in summer (Meyer, García-Moya & Lagunes-Espinoza, 1992 ; but see Castillo-Monroy et al., 2011) . The high water retention of gypsum soils has also been linked to the sealing effect of physical and biological soil crusts, which could prevent losses by evapotranspiration during summer . Another typical feature of gypsum soils is the high concentration of Ca 2+ together with the high Ca/Mg ratio (Boukhris & Lossaint, 1975; Merlo et al., 2009) . This is partly responsible for the immobilization of some micronutrients, such as Mn and Zn, and especially of macronutrients like P. Spanish gypsum soils show very low fertility of the upper horizon with mean (±S.D.) C/N ratios of 7.95 (±3.7), N content of 0.08% (±0.05), and P 2 O 5 concentration of 6.14 mg/100 g −3 (±7.0) (Gil de Carrasco & Ramos, 2011) .
III. CLASSIFICATION OF PLANTS LIVING ON GYPSUM
Plant distribution in relation to gypsum presence depends on both the heterogeneity of gypsum soils at different spatial scales (origin and amount of gypsum; Rubio & Escudero, 2000) , and the mechanisms used by plants to survive on this special substrate (Palacio et al., 2007a) . Consequently, plants living on gypsum soils show a wide array of strategies to cope with the limitations these soils impose, such as tolerance to low nutrient levels, a mucilaginous seed coat, the physical ability to surpass gypsum crusts, etc. (see Drohan & Merkler, 2009 ). Several attempts have been made to systematize these strategies in gypsum plants, but the most comprehensive classification of gypsum plants carried out to date is probably that of Duvigneaud & Denaeyer-De Smet (1968) , which was based on the chemical composition of plant tissues. However, the applicability of this classification is compromised by its complexity and reliance on detailed plant chemical information, which is not always available. Meyer (1986) distinguished five different plant types depending on their distribution on gypsum and adjacent soils: gypsophiles (plants growing exclusively on gypsum soils), gypsoclines (plants with a preferential distribution on gypsum but also found on other types of substrates), gypsovags (plants that grow both on and off gypsum soils), waifs (plants that are rare on gypsum) and gypsophobes (plants that never grow on gypsum). A recent classification based on expert botanical knowledge used a 5-point scale to classify the 140 species growing in gypsum habitats in Spain (out of around 4900 species in the Spanish vascular flora; Davis et al., 1986) . According to this scale, species that can only develop on gypsum soils were graded 5 and species with a sporadic presence in these soils were graded 1 . We have adopted herein a simplification of Meyer's (1986) classification, based on our field experience. Intermediate types such as gypsoclines or waif species are not considered, since these categories are difficult to delimit, require intensive field data and can lead to confusion. Furthermore, since this review focuses on gypsum species, gypsophobes are not taken into account. We feel that numerical classifications like that proposed by Mota et al. (2009) require more precise criteria and algorithms. Hence, we will only consider gypsophiles, i.e. plants growing exclusively on gypsum soils, and gypsovags, i.e. plants occurring on gypsum soils but with distribution optima on less restrictive soils (Fig. 3) . Although we are aware that not all situations may coincide exactly with this dichotomy, we feel that this simplification is necessary to gain a better understanding of gypsophily and its ecological and evolutionary implications.
IV. SOME HYPOTHESES TO EXPLAIN GYPSOPHILY
The first attempts to determine the causes of plant restriction to gypsum assumed that the particular chemical characteristics of gypsum soils, such as high sulfur and magnesium contents, macronutrient deficiencies or high water infiltration, were the cause of gypsophily (Duvigneaud & Denaeyer-De Smet, 1968; Boukhris & Lossaint, 1975) . However, tests of this chemical hypothesis have been inconclusive. For instance, in a greenhouse pot experiment, Boukhris & Lossaint (1975) found that gypsophiles grew equally well on soils with high sulfur content and on commercial soils. The particular physical properties of massive gypsum soils were then suggested to be the main limiting factor for plant life (see Parsons, 1976) , particularly in relation to COM 44.7 ± 0.9 40.2 ± 2.3 2.7 ± 0.3 2.6 ± 0.5 4.9 ± 1.3 0.6 ± 0.04 23.3 ± 1.5 0.8 ± 0.2 Gypsophila hispanica (W) a CAR 37 ± 0.7 24.9 ± 1.3 1.9 ± 0.2 7.4 ± 0.5 12.1 ± 2.3 0.6 ± 0.05 11.8 ± 1.6 3.0 ± 0.5 Helianthemum conquense (N) b CIS 49.1 ± 0.3 16.8 ± 1.5 1.1 ± 0.2 1.9 ± 0.1 2.6 ± 0.7 0.3 ± 0.2 3.9 ± 0.5 0.1 ± 0.04 Helianthemum squamatum (W) b CIS 43.4 ± 0.9 15.7 ± 1.7 1.1 ± 0.3 3.5 ± 0.5 7.6 ± 2.1 0.6 ± 0.1 5.6 ± 0.7 2.6 ± 0.2 Helianthemum squamatum (W) a CIS 43.7 ± 0.4 16.8 ± 2.7 1.2 ± 0.3 3.4 ± 0.3 6.1 ± 1.8 0.8 ± 0.2 6.4 ± 1.6 3.0 ± 0.2 Herniaria fruticosa (W) a CAR 47.4 ± 0.3 25.3 ± 1.7 1.1 ± 0.1 2.9 ± 0.1 7.7 ± 0.5 0.5 ± 0.05 9.2 ± 1.2 1.1 ± 1.0 Lepidium subulatum (W) b CRU 45.4 ± 0.6 52.3 ± 3 2.5 ± 0.2 2.7 ± 0.3 5.5 ± 1.1 0.5 ± 0.04 6.3 ± 0.5 1.9 ± 0.13 Lepidium subulatum (W) a CRU 44.9 ± 0.1 50 ± 4.6 2.5 ± 0.1 2.7 ± 0.2 2 ± 1.3 0.6 ± 0.1 13.2 ± 2.2 2.7 ± 0.08 Ononis tridentata (W) b LEG 35.8 ± 1.9 24.1 ± 3.4 1.3 ± 0.2 6.5 ± 0.6 12.9 ± 3.5
1.1 ± 0.3 2.5 ± 0.7 4.1 ± 0.5 Ononis tridentata (W) a LEG 35.6 ± 0.9 24.3 ± 1.9 1 ± 0.1 5 ± 0.8 23.8 ± 3.4 0.7 ± 0.1 3.1 ± 0.9 4.9 ± 0.4 Teucrium polium (N) b LAB 52.3 ± 0.4 16.7 ± 2.3 0.7 ± 0.3 2 ± 0.1 6.1 ± 1.7 0.5 ± 0.03 7.6 ± 1.4 0.6 ± 0.2 Thymus lacaitae (N) b LAB 51.7 ± 0.9 14.2 ± 2.8 1.1 ± 0.1 1.6 ± 0.2 4 ± 0.6 0.5 ± 0.1 5.6 ± 1 0. 23.1 ± 2.2 1.5 ± 0.3 2.9 ± 0.4 2.7 ± 0.8 0.6 ± 0.1 6.6 ± 2.5 0.1 ± 0.04 Linum suffruticosum b LIN 44.2 ± 0.5 32.9 ± 1.5 1.9 ± 0.1 2.4 ± 0.3 2.2 ± 0.5 0.6 ± 0.1 11.7 ± 2.7 0.02 ± 0.01 Rosmarinus officinalis a LAB 56.3 ± 0.5 12.4 ± 0.5 0.7 ± 0.1 1.6 ± 0.2 2.2 ± 0.5 0.6 ± 0.1 8.4 ± 1 0.1 ± 0.05 Rosmarinus officinalis b LAB 55.6 ± 0.4 9.3 ± 1 0.7 ± 0.1 1.2 ± 0.2 3.3 ± 0.5 0.5 ± 0.1 7.6 ± 2 0.1 ± 0.07 Salsola vermiculata a CHE 44.2 ± 1.1 37.6 ± 2.3 1.7 ± 0.1 3.0 ± 04 12.5 ± 1.3
1.3 ± 1.4 14.2 ± 1.6 1.4 ± 0.3 Salvia lavandulifolia a LAB 53.8 ± 0.6 18.2 ± 1.3 1.2 ± 0.1 2.0 ± 0.3 1.6 ± 1.2 0.5 ± 0.02 6.9 ± 2 0.1 ± 0.03 Salvia lavandulifolia b LAB 56 ± 0.6 17.1 ± 1.4 0.8 ± 0.1 1.9 ± 0.3 4.9 ± 1.1 0.4 ± 0.1 3.4 ± 1.2 0.1 ± 0.07 Teucrium capitatum b LAB 52.1 ± 0.8 26.5 ± 3.2 1.3 ± 0.1 1.9 ± 0.4 2.4 ± 0.9 0.4 ± 0.1 7.2 ± 1.9 0.06 ± 0.02 Thymelaea tinctoria a LAB 49.1 ± 1.2 13.3 ± 0.9 0.9 ± 0.2 1.4 ± 0.3 2.9 ± 0.7 0.1 ± 0.02 5.7 ± 0.6 0.1 ± 0.04 Gypsovags on mixed substrates Salvia lavandulifolia a LAB 55.7 ± 0.4 15.3 ± 1.5 0.8 ± 0.1 1.5 ± 0.1 1.9 ± 0.6 0.5 ± 0. their lack of plasticity and mechanical instability. Bridges & Burnham (1980) found that the roots of generalist plants found it difficult to penetrate gypsum soils. Meyer (1986) suggested that the restrictive behaviour of gypsum soils was not due to their chemical characteristics but to the presence and thickness of a hard surface soil crust that could limit plant establishment. This physical hypothesis also seems to be supported by the fact that gypsophile vegetation is confined to semiarid and arid climates, where physical soil crusts are common. More recently, Romao & Escudero (2005) proposed that seedlings of gypsophiles, unlike those of gypsovags, are able to penetrate the hard physical crust typically formed on the surface of gypsum soils (surface crust strength of 900-1200 kPa; Rubio & Escudero, 2000; Escudero et al., 2000b) . Thus gypsophiles take selective advantage of their ability to penetrate this crust, whereas gypsovags can only establish in the vicinity of standing gypsophiles, since the strength of physical crusts under their canopies is significantly lower (Escudero et al., 2000b) . Romao & Escudero (2005) found that Teucrium capitatum L., an abundant Iberian gypsovag, emerged at a significantly lower rate (six times lower) when the soil crust was intact than when it was experimentally removed. However, once gypsovags germinated, their performance was similar regardless of the presence of the physical soil crust. In a parallel experiment, Escudero et al. (2000b) found that Helianthemum squamatum L. Dum. Cours. (Cistaceae), a widespread Iberian gypsophile, was able to grow on a wide array of soils, although its survival rate and growth were higher on genuine gypsum soils. These studies suggest a physiological evolutionary adjustment in H. squamatum in addition to its ability to penetrate the thick physical crust. A functional trait that could be at least partially related to this physical ability is the presence of mucilaginous seed coats, which anchor seeds to the crust (Escudero, Carnes & Pérez-García, 1997; Romao & Escudero, 2005) . The results discussed above highlight the need to reevaluate the relevance of the chemical characteristics of gypsum in limiting plant life (see also Drohan & Merkler, 2009 ). Other limiting factors could be macronutrient deficiencies (N, P and K), excess of other nutrients (Ca, Mg and S), ionic antagonism (Ca 2+ /Mg 2+ ) or the deficiency or toxicity of some micronutrients (Meyer, 1986; Merlo et al., 2009 ) (see Table 1 ). In a recent study, the chemical hypothesis was revisited by a detailed evaluation of the leaf chemical composition of several species growing on gypsum (including nine gypsophiles, four of which were narrowly distributed, and five gypsovags), and included statistical control of several sources of variation such as the regions where these plants occur (see Palacio et al., 2007a) . These authors found that gypsovags and gypsophiles can be easily distinguished by the chemical composition of their leaves, with gypsovags showing lower concentrations of S, Ca, Mg, N, P and total ashes, as found by several other authors (Duvigneaud & DenaeyerDe Smet, 1966 , 1973 Duvigneaud, 1968) . However, they also found differences in leaf chemistry among the diverse groups of analyzed species. Interestingly, these differences were congruent with the ecological strategies, namely the refuge and specialist models, proposed by Gankin & Major (1964) to describe the nature and origin of endemisms. According to Palacio, Maestro & Montserrat-Martí (2007b) , gypsophiles can be classified into two groups: regionally dominant gypsophiles (occurring in most gypsum outcrops of the Iberian Peninsula) and narrowly distributed gypsophiles (occurring in only one or a few of the gypsum outcrops of the Iberian Peninsula), each of which putatively adopt a different ecological strategy. The chemical composition of narrowly distributed gypsophiles was closer to that of gypsovags, indicating the absence of specialized chemical adaptations to cope with the chemical restrictions of gypsum soils. Hence, these species are compatible with the refuge model. By contrast, regionally dominant gypsophiles showed a clear ability to accumulate both elements found in excess (like S, Ca or Mg) and macronutrients such as N and P (Table 1) , which are scarce in these soils (Guerrero-Campo et al., 1999b; Palacio et al., 2007a) . For example, N concentration in Lepidium subulatum L., a widespread gypsophile in the Western Mediterranean, is three times higher than in other Mediterranean woody species (Alvarado et al., 2000; Palacio et al., 2007b) . The physiological mechanisms underlying the accumulation ability of some widespread gypsophiles remain unexplored. However, this characteristic shows how well they have adapted to gypsum. Consequently, regionally dominant gypsophiles have been ascribed to the specialist model. Thus, most gypsophiles like Helianthemum squamatum and Lepidium subulatum seem to have the ability to penetrate the hard physical crust and may exhibit other unexplored mechanisms to cope with the chemical and mechanical restrictions of gypsum soils (Fig. 4) . These adaptations could be specific, but in many cases they might be part of an adaptive syndrome of stress-tolerant species to cope with adverse conditions such as reduced soil fertility, nutrient imbalance and high calcium and sulphate concentrations (Gankin & Major, 1964; Meyer, 1986) . Some taxonomic lineages may have 'preadaptations' to coping with restrictions in gypsum soils: certain families and genera have given rise to a greater number of gypsum specialists than others. For example, several families in the subclass Caryophyllidae, such as Nyctaginaceae, Chenopodiaceae, Plumbaginaceae and Caryophyllaceae, are common in gypsum habitats with genera such as Gypsophila. The processes underlying plant preadaptation to gypsum are not well understood, but tolerance to low nutrient levels could be one requirement (Antonovics, 1971) . The presence of secondary organic sulfur compounds in the leaves of gypsophiles, which may be an adaptation to avoid herbivory, could be a preadaptation to living on gypsum soils, since several gypsum specialists from the Brassicaceae, Resedaceae and Capparidaceae families can accumulate sulfur (Parsons, 1976) . S accumulation has been recorded in Gypsophila struthium, Helianthemum squamatum, H. alypoides, H. syriacum and Lepidum subulatum (Ruiz et al., 2003) . These plants can accumulate more than 30 g of S kg −1 dry mass, and more than 50% of this sulfur can be accumulated as sulfate (Al-Ani et al., 1971; Boukhris & Lossaint, 1972) . The incorporation of S into organic compounds has been reported as an essential metabolic process determining the tolerance of some gypsophiles, like L. subulatum, to gypsum soils (Ruiz et al., 2003) .
Furthermore, some narrowly distributed gypsophiles seem to have undergone outstanding evolutionary radiations with very close congeners in different stressful environments. They could be plants originating in gypsum environments, closely related to other radiated plants but without specific adaptive responses to these environments, or stress-tolerant plants originating in other stressful environments from which they colonized gypsum soils. For instance, in the Iberian Peninsula the genera Arenaria, Jurinea, Thymus and Brassica show narrowly distributed congeners on gypsum soils, dolomite outcrops or other high-stress habitats such as high mountain pastures. For example, in the Arenaria section Plinthine which is a morphologically distinguishable cohesive group consisting of 14 species restricted to the western Mediterranean, gypsophiles such as A. cavanillesiana and A. favargeri can be found together with high mountain specialists in acidic soils (A. queriodes), dolomite outcrops (A. erinacea) and calcareous rocks (A. tetraquetra) (see Valcárcel, Vargas & Nieto, 2006) .
The physiological and ecological adaptations of the two types of gypsophiles identified (i.e. regionally dominant and narrow endemisms) need to be studied in detail to unravel the mechanisms behind their different strategies to survive on gypsum soils. For example, in a recent study using Fourier transform infrared spectroscopy (FTIR) spectra for the same species included in Palacio et al. (2007b) , both regionally dominant and narrow gypsophiles could be separated by their chemical group composition (S. Palacio, M. Aitkenhead, A. Escudero, G. Montserrat-Martí, M. Maestro & J. A. H. Robertson, unpublished data). They were also clearly different from gypsovags and, although the content of inorganic elements was lower in narrow gypsophiles (similar to gypsovags), most had oxalate bands, which were common in regionally dominant gypsophiles but generally absent in gypsovags. These oxalate bands could be indicative of calcium oxalate, which in addition to being an anti-herbivore compound, is related to the detoxification of excess Ca in plants (Franceschi & Horner, 1980) .
V. PLANT-SOIL INTERACTIONS
The ability of gypsovags and gypsophiles to survive the extreme conditions of gypsum soils could be mediated by below-ground interactions with soil microorganisms. However, information on plant-soil interactions is particularly scarce for gypsum species. Recent studies on the composition of arbuscular mycorrhizal fungi (AMF) colonizing the roots of gypsophiles have shown that AMF diversity is high in gypsum habitats and includes several novel AMF sequences, potentially exclusive to gypsum soils (Alguacil, Roldán & Torres, 2009a,b) . Furthermore, the composition of AMF communities varies between gypsophiles, suggesting specialization between these symbionts (Alguacil et al., 2009a) . A recent study showed that the roots of gypsovags showed larger AMF colonization than Plants able to occur on gypsum soils can be classified into three categories in relation to their ability to respond to these limitations. Wide gypsophiles are specialists able to penetrate the physical crust during early life stages, and they have physiological adjustments to withstand the chemical limitations of gypsum soils. Narrow gypsophiles are refugee plants which successfully deal with the physical constraints of gypsum and have no special adaptations to these soils, but possess a certain level of tolerance to their chemical limitations. Gypsovags are non-specialist gypsum plants that need reduced physical crusts and can at best only tolerate chemical limitations. They are more competitive in surrounding non-gypsum soils.
those of gypsophiles. This could be a mechanism to enhance plant development, allowing gypsovags to cope with the restrictive conditions of gypsum soils (Palacio et al., 2012) . Goberna et al. (2007) found that microbial biomass and activity increased under the canopy of tussock grasses growing on gypsum soils compared to bare ground, while the effect of tussocks was not so marked on other calcareous soils with similar semiarid conditions. Plant-soil microbial interactions could underlie some of the mechanisms displayed by gypsum specialists to cope with the restrictive conditions of gypsum soils. For example, arbuscular mycorrhizae are known to improve the ability of plants to uptake nutrients and cope with water stress (Smith et al., 2010) and may be critical elements for plant adaptation to restrictive soils (Schechter & Bruns, 2008) . Although the degree of root colonization by AMF in gypsophiles was lower than in gypsovags (Palacio et al., 2012) , the relevance (i.e. the efficiency) of AMFs in the nutrition and water uptake of gypsophiles remains unexplored.
VI. GYPSUM BIOLOGICAL SOIL CRUSTS
One of the most outstanding biotic components of gypsum ecosystems is the presence of BSCs (Belnap & Lange, 2003; Maestre et al., 2011) . Among other functions, BSCs play a key role in the carbon cycle (Maestre & Cortina, 2003) and the nitrogen cycle (Belnap, 2002; Castillo-Monroy et al., 2010) . BSCs also have an impact on soil stabilization and sediment trapping (Chaudhary et al., 2009 ), they modulate hydrological fluxes like run-off and infiltration (Maestre et al., 2002; Belnap, 2006; Eldridge et al., 2010; Chamizo et al., 2012a,b) and affect many soil enzyme activities (Bowker et al., 2010b and other chemical soil components influencing nutrient mobility and cycling (Hauck et al., 2009) . Gypsum BSCs, which are often lichen-dominated, are among the most conspicuous biological crusts worldwide, although they have not been studied equally around the globe. While Spanish gypsum lichens have received great attention during the last 40 years, at least from a botanical perspective (Llimona, 1974; Crespo & Barreno, 1975; Guerra et al., 1995; Casares-Porcel & Gutiérrez-Carretero, 2011) , there is very little floristic information about gypsum BSCs from other regions of the world (but see Anderson & Rushforth, 1976; Nimis, Poelt & Tretiach, 1996) . Furthermore, the bryophyte component of gypsum BSCs has only recently begun to be explored (Guerra et al., 1995) . Although most bryophytes growing on gypsum seem to be generalist species, they show remarkable diversity (Salmerón, Merlo & Mota, 2011) . For example, in Spain alone, over 100 species of BSC-forming mosses and liverworts have been identified to date (Salmerón et al., 2011) .
Some recent studies have started to unveil the factors that control the composition and structure of gypsum BSC communities at small spatial scales (Martínez et al., 2006; Concostrina-Zubiri et al., ) . They are affected by some surface predictors such as the cover of bare soil and litter, and are also related to some ecosystem function surrogates like soil respiration, potassium content and aggregate stability. Furthermore, competition among lichens seems to drive the structure of local assemblages , with shifts along environmental gradients involving particular types of facilitation and competition in relation to the lifehistory specificities of these organisms, as for example in N-fixing Collema spp., which can be relevant for ecosystem functioning (Maestre et al., 2009; Bowker et al., 2010b) . Gypsum BSCs not only exert a profound effect on many ecosystem functions (reviewed in Maestre et al., 2011) , but they are also critical determinants in the establishment and performance of vascular plants (Belnap & Lange, 2003) . Although most previous studies have evaluated this effect considering the crust as a whole, Escudero et al. (2007) found that Squamarina lentigera (Weber) Poelt and Diploschistes diacapsis (Ach.) Lumbsch., two dominant, conspicuous lichens, had different effects on the emergence of the gypsophiles Campanula fastigiata Dufour ex DC, Reseda stricta Pers. and H. squamatum, ranging from facilitative to competitive. Luzuriaga et al. (2012) found that the lichen crust community exerted a dramatic effect on the structure and performance of the annual gypsum plant community, especially in dry years. Although BSCs did not affect annual plant richness, it determined cover and species composition, and the most conspicuous lichens (Diploschistes spp. and Squamarina spp.) were mainly responsible for this effect. These results suggest that lichen-plant interactions may be as relevant in determining local community assemblages of annuals growing on gypsum as plant-plant interactions.
VII. GYPSOPHILE PLANT LIFE
Gypsophile vegetation is mainly restricted to arid and semiarid climates, where the physical and chemical restrictions imposed by gypsum soils exert the strongest impact on plant development. Probably as a result of such stressful conditions, trees and tall shrubs are scarce on gypsum soils, and vegetation is mainly composed of sub-shrubs, shortlived perennials (biannual plants, grasses and perennial herbs) and annuals (Braun-Blanquet & Bolòs, 1957; Rivas-Martínez & Costa, 1970; Parsons, 1976) , conforming a two-phase structure with plants in patches immersed in a bare ground matrix (Meyer, 1986) . Gypsophiles show traits adapted to dryness (Hodgson et al., 1994) . For example, many gypsophile sub-shrubs show small, hard xerophytic leaves, and marked oscillations of their photosynthetic biomass throughout the year (Palacio et al., 2007b; Montserrat-Martí et al., 2011) . Such a marked shift in the amount of green biomass is due to variations in the physiological and morphological characteristics of alternating cohorts of shoots [e.g. spring shoots bear more abundant and productive (thinner and larger) leaves than summer shoots (Palacio et al., 2007b) ]. This particular leaf habit, called seasonal dimorphism, is common among semiarid sub-shrubs in general and gypsum plants in particular, and enables them to obtain two morphologically and physiologically different plants from the same individual (Palacio, Millard & Montserrat-Martí, 2006 ). This strategy may be an adaptation to the seasonality of dry Mediterranean and semiarid climates (Orshan, 1989; Aronne & de Micco, 2001) . Naked buds, which are associated with the ability to perform opportunistic growth under seasonal and unpredictable climates, also seem to be a common feature among gypsophile and gypsovag sub-shrubs (Palacio & Montserrat-Martí, 2005) . Furthermore, many species of gypsophiles, like Gypsophila struthium L. subsp. hispanica (Willk.) G. López or Ononis tridentata L., show deeply rooted tap roots, which in some cases are able to store water . Unfortunately, except for their general xerophytic and stress-tolerant nature, it is difficult to identify general morphological or functional syndromes in gypsophiles. Early studies suggested succulence as a common trait (Duvigneaud & Denaeyer-De Smet, 1966 , 1973 Parsons, 1976) . The observed prevalence of succulence among many gypsum specialists may be correlated with high sulfur contents, probably because this plant trait allows the toxic effects of sulfuric acids to be diluted (Parsons, 1976) . The formation of crystals in the leaves of gypsophiles has long been described (Denaeyer-De Smet, 1970; Parsons, 1976; Grigore et al., 2011) , although it was frequently considered a mechanism related to the accumulation of salts as it is characteristic of gypsophiles from saline gypsum soils (Parsons, 1976; Mota et al., 2011) . However, S. Palacio, M. Aitkenhead, A. Escudero, G. Montserrat-Martí, M. Maestro & J. A. H. Robertson (unpublished data) found that widely distributed gypsophiles, which are not necessarily restricted to saline gypsum soils, also accumulate gypsum crystals in their leaves, unlike narrowly distributed gypsophiles and gypsovags which had no mineral gypsum. These findings suggest that the formation of gypsum crystals could be a characteristic of widely distributed gypsophiles, regardless of their ability to accumulate and exude salts.
Reproduction has also been studied in detail in some gypsophiles like Helianthemum squamatum Aragón, Escudero & Valladares, 2008; Aragón et al., 2009; Aragón, Méndez & Escudero, 2010) and Centaurea hyssopifolia Vahl. (Luzuriaga et al., 2006; Matesanz et al., 2009) , and in some gypsovags growing on gypsum soils like Colutea hispanica Talavera & Arista (Rabasa et al., 2009) , Ononis fruticosa L. (Sánchez, Albert & Escudero, 2008; Sánchez et al., 2012) and Moricandia moricandiodes (Boiss.) Heywood (Gómez, 1996) . These studies found no specific reproductive syndromes, but identified a delay in the reproductive phenological peak of gypsophiles, which takes place in early summer. Probably the most relevant finding is related to H. squamatum, a short-lived perennial gypsophile shrub that shows a survival cost to reproduction (Aragón et al., 2009) : survival rate in de-blossomed plants was significantly higher than in control plants. The success of this plant on stressful gypsum soils seems to rely on a persistent soil seed bank (Caballero et al., 2003) , combined with sustained high reproductive output at the expense of survival (Aragón et al., 2007) . This intermediate strategy between that of annuals and long-lived perennials may not be exclusive to gypsum habitats; it also seems to be characteristic of species from semiarid Mediterranean environments (Agami, 1987) .
Another aspect that has been explored is the germination ecology of gypsum plants. Results from laboratory (Escudero et al., 1997; Merlo et al., 1997) and field (Escudero et al., 1999 (Escudero et al., , 2000b ) experiments indicate that both gypsophiles and gypsovags show germination strategies typical of dry Mediterranean and cold desert plants. Among these strategies are efficient germination at low temperatures, seed and fruit heteromorphism within and among populations, and variation in seed dormancy among plants and populations, guaranteeing a multipurpose strategy for germination. A frequent seed trait in gypsum plants is the existence of a mucilaginous seed coat (Escudero et al., 1997; Romao & Escudero, 2005) . This trait, which is typical of many desert plants (Gutterman & Shem-Tov, 1996 Zaady, Gutterman & Boeken, 1997) , provides a favourable environment for germination because mucilaginous coats are hygroscopic and anchor the seed, avoiding seed removal by run-off. In addition, most gypsum plants maintain persistent soil seed banks (Caballero et al., 2003) , which are particularly dense in the vicinity of mother plants due to the short-distance seed dispersal typically found in these species (Olano et al., 2005) .
VIII. GYPSOPHILE POPULATION DYNAMICS
The population dynamics of some gypsophiles like H. squamatum (Escudero et al., 1999) and L. subulatum (Escudero et al., 2000b) have been monitored in the field. Both species grow under a Mediterranean semiarid climate, characterized by summer drought. Results from these studies highlight the role of physical soil crusts as a selective factor for gypsophiles. Seedlings emerged more profusely on hard soil crusts in both species, and the largest seedlings showed higher survival, suggesting that plants need to root below the surface crust before the onset of summer drought. Restrictions imposed by the physical crust were also highlighted by the higher survival rates of these species in piedmont fine-textured soils. Quintana-Ascencio et al. (2009) devised a population viability model to evaluate the effect of soil surface heterogeneity on the vital rates and population dynamics of H. squamatum. This spatially explicit demographic model showed that small changes in the heterogeneity of the soil surface with shifts from litter to bare ground cover dominance may have important effects on population growth.
Despite renewed interest in facilitative and competitive interactions in arid and semiarid environments and their potential role as key drivers of population and community dynamics in these ecosystems (see Callaway, 2007 , for a review), very few studies have explicitly examined plant-plant interactions in gypsum environments. De la Cruz et al. (2008) studied the spatio-temporal dynamics of seedling mortality in H. squamatum. They found a complex array of interactions between H. squamatum seedlings and both conspecific and heterospecific adult gypsophiles Biological Reviews 90 (2015) 1-18 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society (Teucrium pumilum Loefl. ex L., Herniaria fruticosa L., Thymus lacaitae Pau and Koeleria castellana Boiss. & Reuter), which shifted between facilitation and competition depending on the season and the climatic conditions of a given year. Soliveres et al. (2010) evaluated how spatio-temporal variability under abiotic stress modulated ontogenetic shifts in the interaction between Stipa tenacissima L., a tussock nurse, and the gypsophile shrub Lepidium subulatum (protégée) in gypsum habitats. They found a net facilitative effect of S. tenacissima on L. subulatum throughout its lifetime. Competition was gradually reduced as the shrub aged, suggesting niche differentiation throughout ontogeny. The magnitude of competition was reduced under low rainfall on south-facing slopes. Soliveres et al. (2011 Soliveres et al. ( , 2013 evaluated the interplay between biotic factors (herbivory by the rabbit Oryctolagus cunniculus) and abiotic factors (changes in water availability and frequency) as drivers of the outcome of the interaction between S. tenacissima and Retama sphaerocarpa (L.) Boiss. S. tenacissima protected R. sphaerocarpa seedlings from rabbit herbivory during the wetter conditions of spring and winter, but this effect disappeared when rabbit pressure on R. sphaerocarpa increased during summer drought. The negative effects of S. tenacissima on the photochemical efficiency of R. sphaerocarpa juveniles decreased with higher water availability, but these effects did not affect the survival and growth of R. sphaerocarpa juveniles. These effects also varied with intraannual water dynamics and their experimental manipulation, contradicting the stress-gradient hypothesis (i.e. increase in facilitative interactions with increasing abiotic stress; Bertness & Callaway, 1994) . Luzuriaga et al. (2012) evaluated plant-plant interactions at the community scale in speciesrich, annual plant communities in Iberian gypsum habitats. They found that competitive interactions prevailed among annuals especially under the most stressful conditions, while interactions were neutral when conditions became milder under Stipa tenacissima tussock canopies.
IX. STRUCTURE OF PLANT COMMUNITIES ON GYPSUM SOILS
Plant communities in gypsum habitats show distinctive bands at very small spatial scales. This sharp shift of plant communities is described in detail in many vegetation studies (Braun-Blanquet & Bolòs, 1957; Rivas-Martínez & Costa, 1970 , and references therein). Topography is the key factor controlling plant distribution on gypsum hills (Escudero et al., 1999 (Escudero et al., , 2000b Guerrero-Campo et al., 1999a,b; Pueyo et al., 2007 Pueyo et al., , 2008 and determines changes in some of the most restrictive gypsum properties, such as physical soil thickness (Rubio & Escudero, 2000) and the availability of water, nutrients and dissolved salts (Guerrero-Campo et al., 1999b) (Fig. 3A, B) . Most shrubby gypsophiles are excluded from bottom flat areas, where nutrients and salts accumulate (Guerrero-Campo et al., 1999b) and gypsum physical crusts disappear. These areas are dominated by ubiquitous salt-tolerant gypsovags such as Frankenia thymifolia Desf., Salsola vermiculata L. and Artemisia herba-alba Asso (Escudero et al., 1999 (Escudero et al., , 2000a , and the emergence of genuine gypsophiles is very low, probably due to the allelopathic competitive exclusion of some gypsovags like Artemisia herbaalba (Escudero, Albert & Pérez-García, 2000a) or to the high concentration of salts. However, some saline gypsophiles like Limonium sp. are especially confined to these piedmond areas. Some of these plants show the ability to segregate salt containing more than 50% CaSO 4 (Denaeyer-De Smet, 1970) . The sharp vegetation replacement that occurs in northern versus southern exposures in middle latitudes (RivasMartínez & Costa, 1970; Meyer, 1986 ) is probably related to the attenuation of hard crusts together with improved moisture conditions on more shaded slopes (Rivas- Martínez & Costa, 1970) .
In North-Central Mexico, a strong relationship has also been observed between species distribution and topography, soil surface characteristics and depth of the calcareous alluvium covering gypsum sediments (Meyer & García-Moya, 1989; Meyer et al., 1992) . For example, the growth of some gypsovags like Bouteloa chasei Swall is only possible if the layer of calcareous alluvium is thin enough. These results fueled the hypothesis that physical factors operating at the establishment stage are more important in gypsophily than factors associated with mineral nutrition (Meyer et al., 1992) .
X. DYNAMICS OF PLANT COMMUNITIES ON GYPSUM SOILS
Primary plant succession in arid and semiarid climates is a very slow process that usually requires hundreds of years. This also seems to be the case in gypsum habitats. For example, Mota, Sola & Dana (2003) and Dana & Mota (2006) studied the recovery of the vegetation in abandoned gypsum quarries following a chronosequence approach spanning 70 years in southeastern Spain. They described an initial primary colonization phase consisting of communities dominated by blue algae and the gypsophile Gypsophila struthium L. in Loefl. with low diversity and complexity. Soil properties and vegetation composition and structure changed significantly throughout the chronosequence, but did not reach the structural characteristics of unaltered ecosystems.
The situation seems to be different for shrubby gypsum communities taking part in the secondary succession process derived from abandoned crops (Martínez-Duro et al., 2010) . In this chronosequence, the time since crop abandonment is only a minor predictor of plant composition, at least for the first 100 years after abandonment. Furthermore, time since abandonment is not related to changes in soil chemical composition or significant nutrient shifts along succession. Gypsum specialists can establish from the soil seed bank (Martínez-Duro et al., 2012) or arrive by secondary dispersal from well-conserved fragments remaining in the vicinity, since primary dispersal is usually very inefficient (Olano, Caballero & Escudero, 2012) . This agrees with the findings that gypsum soil seed banks act as mid-term temporal reservoirs that refill and recover initial vegetation over very short time periods (Olano et al., 2012) . Vegetation dynamics seem to respond to typical patch dynamics in which nucleation around gypsophiles is critical (Martínez-Duro et al., 2010) . This process, at least in Mediterranean drylands, seems to be different from the typical amelioration model described for old-field succession in other Mediterranean habitats, where composition and structure closely track simultaneous changes in soil physical and chemical properties driven by vegetation (Debussche et al., 1996) .
As in other stressful environments where recruitment conditions are unpredictable, soil seed banks are critical for gypsum plant communities (Olano et al., 2012) . In gypsum ecosystems, spatio-temporal changes in the composition and structure of above-ground vegetation are closely related to those of the soil seed bank (Olano et al., 2005; Caballero et al., 2008b; Martínez-Duro et al., 2012) . Soil seed bank density in Iberian gypsum outcrops, including both annuals and perennials, is in the middle range of arid and semiarid ecosystems, with densities ranging from 15000 to 21000 seeds/m 2 and richness reaching 70 species/m 2 (Caballero et al., 2003; Caballero, Olano & Escudero, 2008a) . These soil seed banks can recover from experimental destruction very rapidly regardless of stressful environmental conditions, probably due to small-scale processes related to seed rain and secondary dispersal (Olano et al., 2012) . Seed banks in gypsum habitats are sharply structured at several spatial scales, and the main predictor of their composition and density is landscape structure (i.e. position of the soil sample in the landform gradient and in vegetated patches or bare areas) (Caballero et al., 2003 (Caballero et al., , 2008a .
The recovery rate of gypsum BSCs after disturbance seems to be substantially faster than that described for BSCs in other ecosystems, where recovery rates can range from decades to centuries (Belnap & Eldridge, 2003) . In a study in southeast Spain, Lázaro et al. (2008) found yearly increases in total BSC cover after disturbance as large as 30%, and recovery periods of a few decades were expected after BSC removal in this area with low erosion levels. However, recovery rates at this site were quite variable and depended not only on BSC type, but also on microclimatic oscillations and rainfall erosivity; recovery rates were lower in areas with high rainfall erosion (Lázaro et al., 2008) . Similarly, in a study of BSC dynamics in gypsum outcrops in central Spain, Escolar et al. (2012) found a 5% increase in lichen cover in areas with low BSC cover only 3 years after disturbance. These rapid changes in cover may be driven by different factors. For example, most species are close relatives of pioneer species of pavement habitats, and physical crusts re-appear immediately after disturbance cessation, providing soil stability and facilitating the colonization of BSC components, such as cyanobacteria and early successional lichens. These authors also reported dramatic decreases in BSC cover (up to 25%) with a simulated warming of 2.5
• C year −1 in areas with well-developed BSCs, suggesting that climate change will substantially modify the dynamics of BSCs.
XI. FUNCTIONING OF GYPSUM ECOSYSTEMS
In semiarid ecosystems, the spatial distribution of soil nutrients is strongly linked to that of the vegetation, and the formation of 'resource islands' under plant canopies is a well-known phenomenon (see Cortina & Maestre, 2005 , for a review). These 'islands' have also been described in gypsum habitats in the Iberian Peninsula, where the highest soil organic C and N values are found under the canopy of some widely distributed gypsovags such as Stipa tenacissima and Retama sphaerocarpa (L.) Boiss. (Goberna et al., 2007; CastilloMonroy et al., 2010) . Recent studies have also revealed how BSCs modulate the small-scale spatial pattern of inorganic N (Delgado-Baquerizo et al., 2013a) . These authors found that the spatial distribution of inorganic N forms was more homogeneous in BSCs than under plant canopies. These findings may have important implications for plant nutrient uptake in gypsum areas, and the link between BSCs and nutrient uptake by gypsum plants clearly deserves more attention in the future.
Recent studies have explored the role of plants and BSCs in the N and C biogeochemical cycling of gypsum habitats. Castillo-Monroy et al. (2010) found that in situ availability of NH 4 + -N under plant canopies (S. tenacissima and R. sphaerocarpa) did not differ from that in adjacent bare soil and BSC-dominated microsites in a gypsum steppe in central Spain throughout a 2-year period. However, the rate of NO 3 − -N produced in the field, as well as the potential nitrification rate, was lower in BSC-dominated areas than in bare-ground microsites and soils under plant canopies. In the same study area and period, Delgado-Baquerizo et al. (2010) reported mean N availability values ranging from 51.2 to 25.5 mg N kg −1 soil (0-4 cm depth) for areas with high and low BSC cover, respectively. NO 3 − -N was the dominant N form in bare-soil microsites and low BSC cover areas, but dissolved organic N was the dominant N form when BSC cover was high. Recent studies conducted in this area have shown that, over a 3-year period, BSC-dominated microsites had significantly higher soil respiration than bare-ground areas, and both of these areas had lower soil respiration than the soil under the canopy of S. tenacissima and R. sphaerocarpa . These authors estimated a range of 240.4-322.6 g m −2 year −1 of carbon released by soil respiration in their study area, with vegetated (S. tenacissima and R. sphaerocarpa) and BSC-dominated microsites accounting for 37 and 42% of this amount, respectively.
Dew is an important source of water in drylands, particularly for BSCs, although its effects on the cycling of N and C in gypsum ecosystems are largely unknown. In one such study, Delgado-Baquerizo et al. (2013b) found a positive increase in the amount of total available N and phenols in response to dew events under BSCs. They also found an increase in the concentration of dissolved organic N, as well as in the ratio of pentoses:hexoses under BSCs, suggesting that dew increased the decomposition of organic matter at this microsite. The increase in the amount of available N commonly observed under BSCs has been Biological Reviews 90 (2015) 1-18 © 2014 The Authors. Biological Reviews © 2014 Cambridge Philosophical Society traditionally associated with the fixation of atmospheric N 2 by BSC-forming cyanobacteria and cyanolichens (Belnap, 2002) . However, these results provide a complementary explanation: the stimulation of microbial activity of the microorganisms associated with BSCs by dew inputs. The effects of dew may have important implications for nutrient cycling in gypsum areas worldwide, where dew events are common and BSCs cover large areas.
Other studies have attempted to determine the effects of particular attributes of BSC communities (cover, composition, diversity and biotic interactions) on indicators of ecosystem functioning in gypsum habitats. For instance, BSC cover and richness explained a substantial proportion of the variation in the soil activities of the β-glucosidase and urease enzymes in a Spanish gypsum habitat (Bowker, Maestre & Escolar, 2010a) . Increases in cover and richness increased the activity of these enzymes in the soil and thus nutrient cycling. Similarly, Maestre et al. (2005) found that the richness of BSC communities negatively influenced the amount of total soil N in gypsum ecosystems, suggesting that N inputs to the soil were related to the abundance of particular lichen species. The importance of species richness and composition has also been highlighted by Maestre et al. (2012) , who carried out a controlled experiment using BSCforming lichens typical from gypsum outcrops in central Spain. They found that lichen richness, composition and spatial pattern affected multiple ecosystem functions (e.g. organic C, total N, N availability, β-glucosidase activity), although the magnitude and direction of their effects varied. Bowker et al. (2011) explored the effects of BSC-forming lichens on ecosystem functioning at a regional scale and found that indicators of C and P cycling were apparently suppressed or promoted by BSC-forming lichens Diploschistes diacapsis and Squamarina lentigera, respectively. At the local scale, D. diacapsis positively correlated with C cycling, but negatively with N cycling. These authors also found a high degree of functional singularity, i.e. species were highly individualistic in their effects on multiple functions. More recently, Bowker, Maestre & Mau (2013) determined the relative importance of BSC biodiversity, patch-size distribution and total abundance in nutrient cycling and multifunctionality in gypsum habitats across an area of about 112400 km 2 over central, southern and eastern Spain. They found that species richness was the most important determinant of C cycling, and that small to medium patch-size distributions were more functional than very small patches. Nitrogen cycling was largely a function of biocrust cover and medium patch-size distributions were less functional in terms of N cycling. These results suggest that maintaining species-rich BSC communities is crucial to preserve the overall functionality of gypsum ecosystems, and that their effects are modulated by other attributes such as species composition, cover and spatial pattern.
Several studies have analyzed the hydrology of gypsum ecosystems (e.g. Alexander & Calvo, 1990; Calvo-Cases et al., 1991; Solé-Benet et al., 1997; Cantón et al., 2001; Chamizo et al., 2012a,b; Rodríguez-Caballero et al., 2013) . Two common patterns have arisen from these studies: infiltration is lower in BSCs than in plant-covered patches, and in many cases is comparable to physically crusted soil (but there are exceptions; Eldridge et al., 2010) , and the presence of BSCs significantly reduces sediment yield locally (Calvo-Cases et al., 1991; Solé-Benet et al., 1997; Cantón et al., 2001) . The degree of soil physical crusting and other properties of BSCs, such as roughness (Chamizo et al., 2012a , species composition (Eldridge et al., 2010 , porosity (Alexander & Calvo, 1990 ) and hydrophobicity (SouzaEgipsy, Ascaso & Sancho, 2002) , have been identified as key factors controlling variability in infiltration and runoff responses in these habitats. The composition of the BSC community has also been identified as a key factor in explaining differences in erosion and infiltration dynamics. For example, Chamizo et al. (2012a) found reduced run-off coefficients on mosses (about 12%) and crustose and squamulose lichens (more than 60%) compared to bare ground. In a gypsum steppe from central Spain, Eldridge et al. (2010) found that both S. tenacissima tussocks and BSCs promoted infiltration, whereas rabbits, an engineer element in these ecosystems, compromised the effect of BSCs. Although this effect of BSCs was initially unexpected, it was explained by the relative prevalence of mosses, mostly infiltration promoters, versus lichens, run-off promoters.
XII. EVOLUTION AND BIOGEOGRAPHY OF GYPSOPHILES
Most widely distributed gypsophiles do not have very efficient dispersal mechanisms (Escudero et al., 1999 (Escudero et al., , 2000b . This implies that seeds remain anchored in the vicinity of mother plants, compromising long-distance dispersal. The shortdistance seed dispersal of gypsophiles is responsible for the high number of very narrow endemisms typical of gypsum outcrops (Escudero et al., 2000b; Mota et al., 2011) and suggests that gypsum species are evolutionarily old taxa due to the long time they need to colonize isolated outcrops by chance (Moore & Jansen, 2007) . Consequently, several authors have suggested that some Iberian gypsophiles (including plants as well as lichens and bryophytes) have a pre-Pleistocene origin with disjoint distributions between the west/east Mediterranean and central Asian regions (BraunBlanquet & Bolòs, 1957; Barreno, 1991; Egea & Alonso, 1996) . Interestingly, there seems to be a perfect match between the distribution of some insects and their host gypsophiles in these areas which are nowadays disconnected (Ribera & Blasco-Zumeta, 1998) .
However the only attempt to estimate the exact age of gypsophile species by using molecular techniques found that gypsophily is a relatively new character (Pleistocene origin) in Tiquilia, a genus of Boraginaceae, which is well diversified between central and northern American deserts (Moore & Jansen, 2007) . They also showed that gypsophily evolved twice in the evolution of the genus. Although they found similar biogeographic patterns of gypsophily in other gypsophiles from the same region, these results should be confirmed in other groups. All these results suggest that gipsophily could have appeared several times along the evolution of different lineages. Similarly, gypsophily seems to have a profound phylogenetic signal, which is more relevant in some families than in others (Parsons, 1976) . For instance, gypsophiles are especially abundant in the subclass Caryophyllidae, including some families such as Nyctaginaceae, Chenopodiaceae, Plumbaginaceae and Caryophyllacea. In fact, a clear phylogenetic signal has been detected in a preliminary study analyzing nearly 400 species living in adjacent gypsum and calcareous Iberian ecosystems. This signal means that gypsophily is not randomly distributed along the phylogeny, but is concentrated in some clades, such as as Cistaceae or Labiatae (D. Pescador, personal communication).
XIII. PRESENT AND FUTURE THREATS FOR THE CONSERVATION OF GYPSUM ECOSYSTEMS
Gypsum habitats have historically been perceived as badlands with no special conservation interest. They have even been interpreted as degraded areas (Vicente-Serrano et al., 2012 ) that needed to be afforested or that could be used as dumping sites for urban waste. This idea has been fueled by studies suggesting the existence of some climax-like forests in these habitats (see Braun-Blanquet & Bolòs, 1957) . Nowadays, they are acknowledged as habitats worth preserving due to their high number of endemisms (Henrickson & Johnston, 1986; Meyer et al., 1992; HuertaMartínez & García-Moya, 2004; Sosa & De-Nova, 2012) , and because they largely contribute to local or regional floristic diversity. Nevertheless, there are very few assessments of the sensitivity of gypsum ecosystems to threats such as herbivory (Pueyo et al., 2008) , climate change (Matesanz et al., 2009; Vicente-Serrano et al., 2012; Maestre et al., 2013) , mining exploitations (Mota et al., 2004) , fire events, agriculture or urban development.
Conservation efforts in the last decades have led to the inclusion of several gypsophiles in national or regional Red Lists of endangered species (e.g. Moreno, 2008 in Spain) . Gypsum habitats are also being included in conservation lists and, for example, Iberian gypsophile shrubs and the ephemeral grasslands growing in open areas among them are both listed as a conservation priority in the Conservation of Habitats and Wild Fauna and Flora of the European Directive (Directive 92/43/CEE, 1992 ). An attempt has also been made to use gypsophile flora as a criterion to develop conservation policies (Martínez-Hernández et al., 2011) . By using the checklist of Iberian gypsophiles, these authors detected important gaps for the conservation of this outstanding floristic component in the Spanish network of protected sites, which could be improved by including some of the massive gypsum outcrops in a micro-reserve network (as recently proposed by Mota et al., 2011) . It is also worth mentioning that virtually none of the conservation activities carried out in gypsum habitats focus on important biological components of these environments, like BSC-forming lichens and mosses, despite their importance in terms of biodiversity and the key roles they play in maintaining ecosystem structure and functioning .
The future of gypsum ecosystems and their constituents under the pressure of global change drivers is uncertain, due to the pressure that climate warming will exert on their structure and functioning. Maestre et al. (2013) conducted a full factorial warming and rainfall exclusion experiment at two gypsum sites in Spain and showed that an average increase in air temperature of 2-3
• C promoted a drastic reduction in BSC cover (∼ 44%) in 4 years. Warming significantly increased soil CO 2 efflux and reduced soil net CO 2 uptake in biocrust-dominated microsites. Losses of biocrust cover were paralleled by increases in recalcitrant C sources, such as aromatic compounds, and increased abundance of fungi relative to bacteria. These changes will alter C cycling and reduce soil C stocks in the mid-to long term. The effect of other global change drivers such as landscape fragmentation and human-driven degradation is also significant in gypsum areas (Matesanz, Gianoli & Valladares, 2010) . Studies in gypsum habitats in northeast Spain found that the size of gypsum fragments and their distance from the largest gypsum outcrops greatly affected the composition and diversity of plant communities (Pueyo et al., 2007; Vicente-Serrano et al., 2012) . Furthermore, high grazing pressure homogenizes these differences and may threaten some rare gypsophiles (Pueyo et al., 2007) . Matesanz et al. (2009) experimentally evaluated the joint effect of three global change drivers (fragmentation, water reduction and degradation) on the performance of the narrowly distributed gysophile C. hyssopifolia. They detected synergistic interactions among these drivers. For example, the interaction between fragmentation and habitat quality induced lower survival and relative growth rates in plants from small and nutrient-poor fragments. These effects extended to the progeny directly affected by these global change drivers through profound maternal effects (Pías et al., 2010) . Evidence of negative effects of potentially invasive plants on the recruitment dynamics of gypsum plant communities has also been reported (Matesanz, Escudero & Valladares, 2008) . Considering these results, the effects of global change may profoundly affect the future of gypsum organisms and the functions and services associated with them.
XIV. CONCLUSIONS
(1) The great effort devoted to understanding gypsum habitats and their constituents has led us to integrate our knowledge on the nature of gypsophily (see Parsons, 1976; Meyer, 1986; Romao & Escudero, 2005; Palacio et al., 2007a; Merlo et al., 2009 ) into a new model (Fig. 4) . In synthesis, we suggest that gypsophily is linked to two types of limitations (chemical and physical) that are operating simultaneously, and that plants growing in gypsum environments display a complex array of plant responses to cope with these limitations.
(2) These plant species range from genuine specialists [i.e. widely distributed gypsophiles with specialized physiological mechanisms including the ability to accumulate elements found in excess (like S, Ca or Mg) as well as macronutrients such as N and P which are scarce in these soils (GuerreroCampo et al., 1999b; Palacio et al., 2007a) ] to refuge specialists (i.e. narrowly distributed gypsophiles able to deal with these limitations) and gypsovags (i.e. generalist species with optimum distribution in non-gypsum environments).
(3) Future studies involving gypsum ecosystems should merge the fields of ecology, evolution, physiology and genetics. Although we have methods for determining phenotypes and genotypes of soil-tolerant plants even at the level needed to detect the genes responsible for this type of adaptation in serpentine plants (see Brady et al., 2005) , we are far from such advances in the case of gypsum specialists. This should be a priority for evolutionary biologists. Some mechanisms involved in serpentine ecology, such as tolerance to low Ca/Mg proportion in soils, could also be related to the gypsum syndrome, and, therefore, deserve greater attention in the future.
(4) Island-like gypsum habitats are ideal models not only for testing evolutionary questions, but also for deepening our knowledge of hot topics of community ecology and ecosystem functioning. For instance, the coexistence theory (HilleRisLambers et al., 2012) may provide new insights by exploring the sharp ecotones occurring between gypsum and calcareous soils, and by exploring the metacommunities that develop in gypsum archipelagos.
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